Ever since Pliny the Elder coined the term tinnitus, the perception of sound in the absence of an external sound source has remained enigmatic. Traditional theories assume that tinnitus is triggered by cochlear damage, but many tinnitus patients present with a normal audiogram, i.e., with no direct signs of cochlear damage. Here, we report that in human subjects with tinnitus and a normal audiogram, auditory brainstem responses show a significantly reduced amplitude of the wave I potential (generated by primary auditory nerve fibers) but normal amplitudes of the more centrally generated wave V. This provides direct physiological evidence of "hidden hearing loss" that manifests as reduced neural output from the cochlea, and consequent renormalization of neuronal response magnitude within the brainstem. Employing an established computational model, we demonstrate how tinnitus could arise from a homeostatic response of neurons in the central auditory system to reduced auditory nerve input in the absence of elevated hearing thresholds.
Introduction
Tinnitus is a frequent phenomenon occurring in an estimated 10 -15% of the population (Hoffman and Reed, 2004; Henry et al., 2005) . In 1-2% of the population tinnitus symptoms seriously reduce quality of life, resulting in social isolation, depression, and even suicidal tendencies. The first usage of the term "tinnitus" for ringing in the ears has been attributed to Pliny the Elder (Morgenstern, 2005) , and written descriptions of tinnitus remedies date back to ancient Egypt (Stephens, 1984) . However, causal therapeutic interventions in tinnitus are virtually nonexistent; sound maskers, tinnitus-retraining therapy, and psychologically inspired interventions such as cognitive behavioral therapy are aimed primarily at alleviating the symptoms and distress caused by tinnitus.
Development of treatments to eliminate rather than just alleviate tinnitus and identification of factors that cause this often debilitating condition would be greatly advanced if the neural origins of tinnitus were established. To this end, tinnitus patients with apparently normal hearing (Barnea et al., 1990; Sanchez et al., 2005) represent a challenge to models of tinnitus generation that rely on compromised cochlear function to elicit hyperactivity in brain structures Parra and Pearlmutter, 2007; Kaltenbach, 2010; Rauschecker et al., 2010; Roberts et al., 2010) . Cochlear damage is normally manifest as an elevation in hearing thresholds-assessed through pure-tone audiometry-and the absence of any detectable loss of cochlear function in these individuals has been taken to indicate that tinnitus can arise without any peripheral hearing loss.
However, in a recent demonstration that normal hearing thresholds do not necessarily indicate absence of cochlear damage, mice subjected to mild acoustic trauma displayed a temporary shift in hearing thresholds but a permanent deafferentation of some 50 -60% of the auditory nerve (AN) fibers in the highfrequency region of the cochlea (Kujawa and Liberman, 2009 ). This suggests that deafferentation following noise damage predominantly affects high-threshold AN fibers, while sufficient numbers of low-threshold AN fibers remain responsive to sound. Normal hearing thresholds can also be accompanied by impaired function of efferent fibers that project from the brainstem to the cochlea (Kim et al., 2002; Jacobson et al., 2003; Zettel et al., 2007; Zhu et al., 2007) .
Based on computational models of tinnitus development (Dominguez et al., 2006; Kempter, 2006, 2009) , we hypothesized that deafferentation of a substantial fraction of the AN fibers, as observed in mice following "temporary" hearing loss (Kujawa and Liberman, 2009) , could trigger the development of a neural correlate of tinnitus in central auditory structures.
Here, we demonstrate in subjects with tinnitus and apparently normal hearing a deficit in AN function manifested as a reduction in nerve output at high sound levels, indicating deafferentation of high-threshold AN fibers. This deficit appears to be compensated for at the level of the brainstem, supporting the view that tinnitus is promoted by homeostatic mechanisms that act to normalize levels of neural activity in the central auditory system.
Materials and Methods
This study was approved by the University College London (UCL) ethics committee. Participants were recruited through an e-mail advertisement to UCL staff and students. Thirty-three female subject, fifteen with tinnitus (mean age 36.3 Ϯ 2.6 years) and eighteen controls (mean age 33.2 Ϯ 1.9 years, no significant age difference, p ϭ 0.32, t test), participated in this study. Due to gender differences in the magnitude of auditoryevoked potentials (Durrant et al., 1990) , we studied only female participants. Tinnitus participants were required to have chronic tinnitus, i.e., of Ͼ6 months duration and a stable, nonpulsatile tinnitus percept. Audiograms were measured with a calibrated clinical audiometer (Kamplex KC 50, with Telephonics TDH 49 headphones for 0.125-8 kHz, and Koss R/80 headphones for 12 and 16 kHz). Tinnitus was characterized using a modified tinnitus spectrum procedure (Norena et al., 2002) : subjects matched pure tones (0.25-16 kHz) to the loudness of their tinnitus and rated the similarity in pitch of tones and their tinnitus on a scale from 0 to 10 (three presentations per tone, in random order). Mean tinnitus spectra were calculated by averaging ratings across participants for each frequency. Comparison tones were generated by a computer with custom-made software and an ASUS Xonar Essence ST sound card and presented via Sennheiser HD600 headphones.
Auditory brainstem responses were measured using a Medelec Synergy T-EP system (Oxford Instruments Medical). Disposable electrodes (Nicolet Biomedical) were placed on the high forehead and the ipsilateral and contralateral mastoids. Electrode impedances were Ͻ2k⍀. Stimuli were 50 s clicks at 90 and 100 dB sound pressure level (SPL) (peak values) presented via Telephonics TDH 49 headphones at a rate of 11 clicks/s. Signals were bandpass filtered (100 -1500 Hz) and averaged (Ն8000 repetitions for 90 dB SPL, Ն6000 repetitions for 100 dB SPL). Amplitudes of wave I and V were measured from peak to following trough.
In a computational model of the first stages of auditory processing Kempter, 2006, 2009) , deafferentation of high-threshold AN fibers (as observed in mice following temporary noise-induced hearing loss) was modeled by decreasing the slope of the AN fiber population response f(I) for high intensities:
where I is the intensity of the acoustic stimulus, d controls the degree of deafferentation, f d ϭ 75 sp/s determines the level where deafferentation starts influencing AN responses, and [ ] ϩ denotes positive rectification. f(I) represents the average firing rate of a small population of AN fibers with similar characteristic frequencies. As in a previous version of the model, the spontaneous firing rate of the AN fiber population (an average over all AN fiber types, thus comprising high-spontaneous as well as low-spontaneous rate fibers) was set to f sp ϭ 50 spikes/s, the maximum firing rate to f max ϭ 250 sp/s, and the response threshold to I th ϭ 0 dB, corresponding to the threshold of the most sensitive AN fibers. Resulting rate-intensity functions are shown in Figure 3b . Assuming a Gaussian probability distribution for sound intensities (in units of dB) in the acoustic environment [40 dB mean intensity, 25 dB standard deviation; see Schaette and Kempter (2006) for more details], we calculated how deafferentation changes the mean activity of the AN and the central auditory neurons in the model.
For the cochlear nucleus stage of the model we employed a parameter set that yields type III response characteristics in the principal neurons, as neurons of this model type are suggested to become hyperactive after hearing thresholds increase (Schaette and Kempter, 2008) . Homeostatic plasticity was implemented in the model through a homeostasis factor h, which scales, in opposite directions, the strength of excitatory and inhibitory synapses onto cochlear nucleus (CN) principal neurons. The exact value of h required to restore the mean activity to healthy target levels was determined numerically [see Schaette and Kempter (2008) ].
To relate the results obtained with the tinnitus model to the auditory brainstem response (ABR) data, we simulated ABR wave I using the MATLAB model of the auditory periphery (MAP) (Meddis, 2006) . We considered a population of 600 AN fibers with characteristic frequencies from 2 to 16 kHz in 0.1 octave steps. By varying the parameter Ca of the MAP model from 0.35 to 0.072 ms in 19 steps, reducing Ca by 8% for each step, we produced 20 different AN fiber types from low-threshold/ high spontaneous-rate fibers to high-threshold/low spontaneous-rate fibers. Fiber thresholds ranged from 0 to 62 dB SPL with a mean threshold of 16.5 dB. The MAP model was stimulated with a 50 s click at 90 dB SPL. ABR wave I was obtained by convolving each action potential produced by each AN fiber with a spike waveform and then summing across all AN fibers.
Simulations of the tinnitus model and the MAP model and all data analyses were performed using MATLAB (MathWorks). Differences in age and hearing thresholds were assessed using two-sample t tests. To test for significant differences in ABR wave amplitudes, we used two-way ANOVA with group and level as factors. All errors are given as Ϯ SEM.
Results
Thirty-three female subjects, fifteen with tinnitus and eighteen controls, participated in this study. All participants had normal hearing (hearing thresholds Յ 20 dB hearing level (HL) from 125 Hz to 8 kHz), and there was no significant difference in the average hearing thresholds up to 12 kHz ( Fig. 1a ; black line, tinnitus; gray line, control; all p Ͼ 0.05, t test). Five participants in the tinnitus and three in the control group were unable to hear 16 kHz. Measurements of tinnitus spectra within the tinnitus group (see Materials and Methods) indicate that comparison sounds Ն6 kHz were rated as most similar to the pitch of the tinnitus (see Fig. 1a , dotted line, for average tinnitus spectrum).
To test for "hidden hearing loss," ABRs were measured with 50 s clicks at 90 and 100 dB SPL. The mean amplitude of wave I of the ABR (Fig. 1c) , reflecting the summed response to sound of the primary afferent nerve fibers innervating the inner hair cells of the cochlea (Moller, 2007 ) (see Fig. 2 for illustration) , was significantly smaller in the tinnitus group than in the control group (90 dB: 0.091 Ϯ 0.009 V vs 0.121 Ϯ 0.012 V; 100 dB: 0.151 Ϯ 0.015 V vs 0.203 Ϯ 0.017 V; p ϭ 0.009, two-way ANOVA). This suggests either a reduced number of responsive AN fibers (e.g., due to deafferentation; Fig. 2b ), reduced synchrony in the discharge of the AN fibers, or both. Similar results have been reported in mice subjected to mild acoustic trauma and in which deafferentation of a large fraction of AN fibers occurs without permanent changes in hearing thresholds (Kujawa and Liberman, 2009) . In contrast to wave I, the amplitude of wave V of the ABR, generated at the level of the auditory midbrain (Moller, 2007 ) (see Fig. 2 for illustration), did not differ significantly between the tinnitus and nontinnitus groups (p ϭ 0.50, two-way ANOVA; Fig.  1c ), suggesting that homeostatic mechanisms in central auditory structures adjust neural responsiveness to compensate for reduced input from the AN (Fig. 2b) .
To determine how deafferentation of AN fibers might lead to increased central gain and the generation of tinnitus, we employed a computational model of the early stages of auditory processing (Fig.  3a) . Previously, this model was used to demonstrate how hearing loss (i.e., increases in hearing thresholds) might lead to the development of increased spontaneous neuronal activity as observed in animal models of tinnitus Kempter, 2006, 2008) ; its predictions of tinnitus frequencies from audiograms closely match perceived tinnitus pitch (Schaette and Kempter, 2009 ). In the model, the development of neural correlates of tinnitus constitutes a side effect of the stabilization of mean activity in central auditory neurons through a mechanism of homeostatic plasticity: hearing loss reduces AN activity with a concomitant reduction in excitatory drive to the central auditory system. To stabilize mean neuronal activity, homeostatic mechanisms generate increased excitatory gain and reduced inhibitory gain in neurons downstream of the auditory nerve, restoring average neuronal activity to normal levels. However, as neurons become more excitable, spontaneous activity is amplified, leading to hyperactivity and the generation of a tinnitus percept.
In the model, we adapted the AN stage to account for a deafferentation of AN fibers by introducing an additional parameter that controls the shape of the auditory nerve rate-versus-intensity functions ( Fig. 3b and Materials and Methods). All parameters of the model relating to the central auditory pathways remained unchanged. In the AN model, we assumed that the most sensitive AN fibers remain undamaged, a necessary requirement for preserving normal hearing thresholds in quiet and consistent with the effects of mild acoustic trauma in mice (Kujawa and Liberman, 2009 ). Deafferentation of AN fibers reduced mean activity in both the AN (Fig. 3c ) and the central auditory system (Fig. 3d, gray line) . When homeostatic plasticity restored mean activity to its healthy target level (Fig. 3d, black line) , the resulting increase in neuronal response gain led to an amplification of spontaneous activity and neurons became "hyperactive" (Fig. 3e) . Thus, in the model, a reduction of AN responses, caused by deafferentation of AN fibers at the hair cell synapses, leads to the development of a neural correlate of tinnitus; tinnitus-related hyperactivity is generated because the response gain of central neuronal circuits is pathologically increased (Fig. 4b) . This prediction matches the increased central gain observed in the ABR wave V of our tinnitus subjects (Fig. 4a) .
To compare the model outcome and human data more directly, we first determined the relative increase in central re- Figure 2 . Auditory brainstem responses, hidden hearing loss, and homeostatic gain control in the auditory system. a, Illustration of the generation sites of wave I (auditory nerve) and wave V (midbrain) of the ABR, schematic depiction of an inner hair cell of the cochlea and of the AN fibers contacting it, and the rate-versus-intensity functions of the different types of auditory nerve fibers (green, low threshold fibers; blue, medium threshold fibers; red, high threshold fibers). b, Illustration of how homeostatic gain control in the auditory brainstem could normalize wave V amplitude after hidden hearing loss. In the healthy situation (top), a complete population of AN fibers gives rise to a full-sized ABR wave I, response gain in the brainstem is low, and wave V has a normal amplitude. In hidden hearing loss (bottom), a fraction of the AN fibers no longer responds to sound, leading to a reduced amplitude of ABR wave I; but through increased response gain, the amplitude of wave V has been restored to a normal size.
sponse gain in our tinnitus subjects by calculating their average ratio of ABR wave V to wave I, normalized by the average ratios from the control group. For sound levels of 90 dB SPL we obtained a relative gain of 1.20, and 1.27 for 100 dB SPL (Fig. 4a ). In the model, increases in excitatory gain of this magnitude were observed for 53 and 61% AN fiber deafferentation, respectively (Fig. 4b) . To test whether such cochlear damage could underlie the generation of tinnitus, we then performed a simulation in which the mean audiogram of the tinnitus group was combined with a pattern of 60% AN fiber deafferentation in the highfrequency range (Ͼ4 kHz). The model developed a hyperactivity pattern that was consistent with high-pitched tinnitus as observed in the tinnitus spectra measured in our tinnitus participants (Fig. 4c) . Finally, using the MATLAB model of the auditory periphery (MAP; Meddis, 2006 )-a detailed phenomenological model of cochlear and AN responses-we simulated ABR wave I for 50 s clicks at 90 dB SPL for a normal cochlea and for a cochlea with the pattern of AN fiber deafferentation employed in Figure 4c . In the MAP model simulations, the amplitude of wave I from the damaged cochlea (black line) was reduced by 22% compared to the normal cochlea (gray line). For comparison, in the human tinnitus group, wave I amplitude was reduced on average by 22% for 90 dB SPL and by 24% for 100 dB SPL. Thus, cochlear damage that, in the tinnitus model, leads to a neuronal hyperactivity pattern consistent with the characteristics of tinnitus, also provides a close match with the reduction in the magnitude of ABR wave I in tinnitus subjects.
Discussion
Our finding of a reduced amplitude of ABR wave I in subjects with tinnitus resembles findings from mice where decreased wave I amplitudes, following temporary hearing threshold shifts, were linked to deafferentation of AN fibers (Kujawa and Liberman, 2009) . Whether these mice also experienced tinnitus is unknown. However, in rats degeneration of AN fibers has been linked to behavioral evidence for tinnitus (Bauer et al., 2007) , although these rats also suffered permanent hearing loss in the form of elevated hearing thresholds in quiet. Similarly, increased spontaneous neuronal activity has been observed in the inferior colliculus of guinea pigs (Mulders and Robertson, 2009) and in the dorsal cochlear nucleus of hamsters (Finlayson and Kaltenbach, 2009 ) after mild acoustic trauma that resulted in only limited hearing loss. These findings are generally consistent with our experimental data and the model predictions. A critical mechanism in our model, homeostatic plasticity, is thought to stabilize the mean activity of neurons on long time scales (Turrigiano, 1999) . In response to activity deprivation, the strength of excitatory synapses is scaled up (Turrigiano et al., 1998) , the strength of inhibitory synapses scaled down (Kilman et al., 2002) , and intrinsic excitability of neurons is increased (Desai et al., 1999) . These changes could lead to hyperexcitable neuronal networks that amplify spontaneous activity (Houweling et al., 2005) . After hearing loss, increases in excitation and decreases in inhibition have been observed at various stages of the auditory system, including the auditory cortex (Kotak et al., 2005) , the inferior colliculus (Vale and Sanes, 2002) , and the cochlear nucleus (Whiting et al., 2009 ). Thus, homeostatic plasticity constitutes a reasonable candidate mechanism for generating tinnitus-related neuronal hyperactivity in response to reduced AN output.
Derived band ABR measurements show that wave I of the click-evoked ABR I is mainly generated by neurons with characteristic frequencies above 2 kHz (Don and Eggermont, 1978) ; therefore, click-evoked ABR measurements can be used to screen the most common range of tinnitus frequencies (König et al., 2006) for the presence of cochlear damage. Wave V, on the other hand, can also be evoked by lower frequencies (Don and Eggermont, 1978) . However, in the derived-band ABR, wave V in response to 1 kHz and below appears later than the average latency of even the trough of wave V in our click-evoked ABR data (6.62 ms in the control and 6.65 ms in the tinnitus group). Thus, in our measurements, wave V might rather reflect contributions from high frequencies similar to wave I, making it possible to directly relate the amplitudes of wave I and wave V to assess neuronal response gain in the brainstem.
It has been demonstrated previously that tinnitus patients with normal audiograms have increased tone detection thresholds in high-intensity background noise (Weisz et al., 2006) , and this psychophysical evidence for a processing deficit is now corroborated by our data showing reduced AN output at high intensities. Our results indicate deafferentation of high-threshold AN fibers, a form of cochlear damage consistent with increased tone detection thresholds in background noise. Additionally, reduced feedback from the medial olivocochlear system might also contribute to increased tone detection thresholds in noise. Thus, future investigations could exploit the contralateral suppression of otoacoustic emissions to examine putative links between tinnitus and the olivocochlear system.
In addition to providing physiological evidence for deficits in cochlear processing in tinnitus patients with a normal audiogram, our results go one crucial step further by demonstrating that the putative deafferentation of AN fibers is associated with increased neural gain at the level of the brainstem. This suggests a potential mechanism for the generation of tinnitus. It remains unclear where in the auditory system tinnitus is first generated, as putative neural correlates have been observed at all stages of the central pathways (Roberts et al., 2010) . A recent hypothesis assumes that pathological changes in spontaneous neuronal activity in the auditory brainstem could drive reorganization of auditory cortex and that conscious perception of tinnitus only occurs after both processes have taken place (Rauschecker et al., 2010) . In rats, the degree of reorganization of the auditory cortex is correlated with the strength of behavioral evidence for tinnitus (Engineer et al., 2011) , supporting an involvement of cortical structures. Our model demonstrates how activity-dependent neuronal plasticity in response to hidden hearing loss could lead to pathological activity patterns in the auditory brainstem that potentially trigger the development of tinnitus. The model also shows that the same mechanism of activity stabilization through homeostatic plasticity in the central auditory system can explain the development of such a neural substrate of tinnitus with (Schaette and Kempter, 2009 ) and without apparent hearing loss, thus presenting a unifying mechanism for the initiation of tinnitus. If the initiation site of tinnitus is located in the auditory brainstem, as our data, our model, and animal models of tinnitus (Mulders and Robertson, 2009; Kaltenbach, 2010) indicate, then brainstem structures might be targeted to develop specific drug treatments for this often debilitating condition.
